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SYSTEM AND METHOD FOR MEASURING
CHANGES IN DIELECTRIC PROPERTIES IN
A STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present patent application 1s related to and claims the

priority benefit of U.S. Provisional Patent Application Ser.
No. 62/680,303, filed Jun. 4, 2018, the contents of which are
hereby incorporated by reference in its entirety into the
present disclosure.

STATEMENT REGARDING GOVERNMENT
FUNDING

This invention was not made with government support.

TECHNICAL FIELD

The present disclosure generally relates to sensors, and 1n
particular, to a system and method of measuring stress and
temperature 1n a structure by measuring the dielectric prop-
erties 1n the structure.

BACKGROUND

This section introduces aspects that may help facilitate a
better understanding of the disclosure. Accordingly, these
statements are to be read in this light and are not to be
understood as admissions about what 1s or 1s not prior art.

Despite significant advances made 1n sensing, a signifi-
cant bottleneck remains, including sensors require power
and a mechanism to communicate sensed data. Incorporat-
ing sensors in composite material structures will place a
huge demand on power and communication protocols. For
example, an embedded sensor in a structure will require
powering 1n order to communicate with an external inter-
rogation unit. However, such powering 1s cumbersome since
typically wireless powering can only be accomplished for
extremely small distances between the powering device and
the sensor, and typically that distance 1s made up of air. In
many applications, 1t 1s necessary to monitor stresses and
temperatures deep within a structure. Wireless communica-
tion suflers from the same shortcomings as the aforemen-
tioned wireless powering. Alternatively, providing wired
terminals for powering and communication 1s also problem-
atic since such terminals are prone to corrosion and are
costly. Therefore, embedding a sensor 1n a structure 1n most
applications 1s unpracticable. Additionally, embedded sen-
sors 1n structures and materials cannot be replaced or
updated easily. Without such monitoring, the structures are
prone to gradual and/or catastrophic failure.

Therefore, there 1s an unmet need for a novel approach
that monitors stress and temperature within a structure, that
allows easy and eflective replacement of sensors and which
does not result in an excessive power usage overhead.

SUMMARY

A method of determining stress within a composite struc-
ture 1s disclosed. The method includes coupling a sensor to
a composite structure under load having embedded therein a
plurality of particles. The particles at room temperature are
paraelectric or ferroelectric. The method further includes
transmitting an electromagnetic radiation to the sensor,
thereby generating an electromagnetic field ito the com-
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2

posite structure. Additionally the method includes sweeping
frequency from a first frequency to a second frequency 1n a
pulsed manner. Furthermore, the method includes receiving
reflected power from the composite structure. The method
also includes determining the resonance frequency of the
sensor. Further, the method includes translating the reso-
nance frequency of the sensor to stress within the composite
structure.

A system for predicting stress within a composite struc-
ture 1s also disclosed. The system includes an electromag-
netic interrogation unit. The electromagnetic interrogation
unmt includes an electromagnetic transmitter. The electro-
magnetic transmitter provides electromagnetic radiation by
sweeping frequency from a {first frequency to a second
frequency 1n a pulsed manner. The electromagnetic interro-
gation unit also includes a resonance sensor. The resonator
sensor receives the transmitted electromagnetic radiation
and conveys the recerved electromagnetic radiation nto the
composite structure under load, where the composite struc-
ture has embedded therein a plurality of particles, wherein
the particles at room temperature are paraelectric or ferro-
clectric. The system also includes an electromagnetic analy-
s1s unit. The electromagnetic analysis unit 1s configured to 1)
receive reflected power from the composite, 1) determine
the resonance frequency of the sensor, and 111) translate the

resonance Irequency ol the sensor to stress within the
composite structure.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic chart of a novel system of the
present disclosure provided for producing a prediction
model for health of a material under test.

FIG. 2 1s a schematic of a hairpin resonator, according to
the present disclosure, where the left panel shows a top view
and the right panel shows a cross-sectional view of the
resonator.

FIG. 3 1s a schematic of a test setup for determining stress
within a structure including a frequency generator and a
hairpin resonator.

FIG. 4 1s a graph of response signal vs. frequency read
from the hairpin resonator of FIG. 3.

FIG. 5 1s a schematic representation of composite struc-
tures, according to the present disclosure.

FIG. 6 1s a schematic representation of a composite block,
according to the present disclosure.

FIG. 7 1s a graph of response vs. frequency for di
types of medium.

FIG. 8 1s a graph of eflective permittivity vs. volume
fraction of particles, according to the present disclosure
showing experimental results vs. theoretical results.

FIG. 9 shows graphs of stress vs. strain for di
media, according to the present disclosure.

e

‘erent

"y

‘erent

DETAILED DESCRIPTION

For the purposes of promoting an understanding of the
principles of the present disclosure, reference will now be
made to the embodiments 1llustrated 1n the drawings, and
specific language will be used to describe the same. It will
nevertheless be understood that no limitation of the scope of
this disclosure 1s thereby intended.

In the present disclosure, the term “about” can allow for
a degree of vanability 1n a value or range, for example,
within 10%, within 5%, or within 1% of a stated value or of
a stated limit of a range.
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In the present disclosure, the term “substantially” can
allow for a degree of variability 1 a value or range, for
example, within 90%, within 95%, or within 99% of a stated
value or of a stated limit of a range.

Novel approaches and arrangements that monitor stress
and temperature within a structure, that allows easy and
ellective replacement of sensors and which do not result 1n
an excessive power usage overhead are provided in the
present disclosure. Applications for such an arrangement
include, energetic materials, batteries, close packed muni-
tions, structures, vehicles, etc. A passive sensor arrangement
1s disclosed that will (A) remain viable for life-time of the
structure and can supply material and structure health infor-
mation on demand and (B) require zero or minimal energy
and communication cost. Such sensing capability will be
usetul to many other market applications that require passive
intrinsic sensing without power and need for a communica-
tions module e.g. smart energy fabrics that will derive power
from environment requiring no external power and adjust
temperatures adaptively, smart buildings etc.

Composites have better strength to weight ratio compared
to metals which make them superior alternatives 1mn com-
mercial industry as well as research industry. The flexible
manufacturing process of composites provides further pos-
sibility to introduce desired properties to the material by
strategically embedding particles of required properties. The
dispersion of fillers inside the composite matrix provides
turther opportunities to mtroduce micron-size sensors mnside
a matrix that represents the composite material to obtain
information about stress and temperature nearby a sensor. As
a result, the change in dielectric properties of this material
can be detected by elastic scattering of microwave by
particles or using hairpin resonator.

Composite structures can be designed and produced using,
unidirectional tows as reinforcement in soit polymers such
as thermoplastic elastomers (TPE), copolymers, etc., for
applications that could benefit from the synergetic combi-
nation of both the matenals. Adding embedded sensing
clements that are incorporated 1nto the polymer, provides a
novel material adapted to provide additional sensing func-
tionality utilizing external sensors. This multifunctional
composite material can then be formed into skeletal struc-
tures—where the primary reinforcing fibers are purposefully
placed along targeted load paths 1n the structure—to provide
primary load bearing reinforcements manufactured with
automated methods capable of producing parts at economi-
cally attractive production rates.

Referring to FIG. 1, a schematic chart of a novel system
100 of the present disclosure 1s provided for producing a
prediction model for health of a material under test. The
system 100 i1ncludes an electromagnetic interrogating unit
(EMU) 104 that interfaces with a material under test (Mu'l)
102 (also referred herein as composite structure). The EMU
104 includes various components that enable electromag-
netic analysis of the MuT 102 and thereby generate an
clectromagnetic analysis output as represented by the block
106. The EMU 104 provides prediction of stress inside a
structure (1.e., MuT 102) using resonance frequency from
one or more hair-pin resonators placed on the structure to be
analyzed, via the EM analysis as shown by the block 112.

To enable electromagnetic interrogation of a structure,
according to the present disclosure two different aspects are
of 1importance. First, inclusion of nano and micro—Ilevel
particles 1n a composite material under test, as shown below,
allows detection of stress by measuring change in the
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4

dielectric parameters of the composite. Second, a special
resonator can be used to perform the electromagnetic inter-
rogation.

Embedded Sensing Particles

Stronttum Titanate (Sr110,), Bartum Titanate (BaTi0;)
and Lead Titanate (PbTi10;) are increasingly used in the
clectronic industry for applications ranging from capacitors,
antennas, phase shifters, tunable filters and other devices.
Above 108 K temperature, SrT10, exists in cubic perovskite
structure and exhibits paraelectric properties while Barium
Titanate and Lead Titanate are ferroelectric. Thus, Sr1i0,
ceramic particles (or BaTi10; or Pb'T10,) are advantageously
used according to the present disclosure to detect stress
inside composite structure by measuring a change in the
dielectric behavior. The addition of SrTi10O; particles to
composites not only enhance the mechanical properties due
to high elastic modulus of SrT10, but also allows non-
destructive sensing of stress by characterizing change 1n
dielectric constant.

Through numerical modeling it 1s known that dielectric
properties of composite material depend on various param-
cters such as dielectric properties of constituent materials,
volumetric fractions, particle-particle interaction etc. In par-
ticular, according to the Lichtenecker’s mixing rule can be
used to predict dielectric constant of a two-phase dielectric
composite. The Lichtenecker’s mixing rule provides:

1-v

(1)

e V.
€.47€, €,

"y

where ¢_1s eflective dielectric constant of composite,
e, 18 dielectric constant of particles,
¢ 1s dielectric constant of epoxy resin matrix, and
v 1s volumetric fraction of dielectric particles. These param-
cters have dependency on stress and hence effective dielec-
tric constant of composite changes by application of stress.
That 1s, the dielectric constant of composite material can
change due to change in dielectric properties of filler mate-
rial under stress, change in local volumetric concentration
due to strains, change in particle-particle interaction, etc.
Resonator

A resonator 1s used according to the present disclosure to
cnable electromagnetic interrogation of a structure with
embedded sensing particles. According to one embodiment,
a hairpin resonator 1s used. A hairpin resonator 200 1s a
quarter-wavelength-long segment of two-wire transmission
line open on one end and closed on the other end as shown
in F1G. 2 (the left panel shows a top view and the right panel
shows a cross-sectional view). The length of the hairpin
resonator 1s L and the cross sectional diameter 1s D. In one
exemplary embodiment, L 1s chosen to about 8.5xabout 0.05
mm and D 1s chosen to be about 150 um. When a source
generating a microwave (MW) signal 1s placed near the
shorted end of the resonator, maximum transier of power 1s
realized when the frequency of the AC signal 1s at the
resonance frequency of the hairpin resonator. The resonance
1s achieved when equivalent wavelength in the medium
equals four times the length of resonator and 1s given by
equation (2), below:

(2)

" e

where ¢ 1s speed of light,

L. 1s the length of resonator, and

¢ 1s ellective dielectric constant of medium surrounding the
resonator. While two approaches for detection of resonance
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in the hairpin resonators can be used (transmission type—
where two magnetic coupling loops are used, one for exci-
tation of the resonator and one for detection, and reflection
type—where one loop 1s used and reflected signal 1s being
detected), according to the present disclosure a system with
single magnetic coupling loop 1s used (reflection type).

In order to test the resonator and the composite structure,
the hairpin resonator 200 was placed on the surface of a

composite structure 102, as shown i FIG. 3. A MW
excitation signal which 1s a time-varying electromagnetic
field 1n microwave range (1.e., 1-10 GHz) was used from a
generator/analyzer 258 adapted to first excite and then
interrogate a response from the composite structure 102. The
MW signal couples to the resonator by a magnetic coupling
loop 254 having an electromagnetic msulator 252 (e.g., a
coaxial cable) placed about the shorted end of the resonator
200. As the MW signal passes through the resonator 200, 1t
produces an electromagnetic field 1 vicimity of resonator.
The stress applied to composite material changes the inter-
action of dielectric particles with the electromagnetic field
which results mto a shift of resonance frequency of the
hairpin resonator 200. To determine the resonance frequency
of the hairpin resonator 200, frequency from the generator/
analyzer 258 1s swept. As a result, the resonance frequency
was determined from a trace on the generator/analyzer 258
where maximum power 1s absorbed by the hairpin resonator
258 at resonance. Referring to FIG. 3, an example of the

generator/analyzer 258 1s E8361 A PNA NETWORK ANA-
LYZER FROM AGILENT TECHNOLOGIES which 1s used
to generate the MW pulsed signal and to detect the phase-
shifted signal. The hairpin resonator 200 was placed on the
surface of the composite structure 102 and pressure (shown
as 260) was applied by a loading stage having a maximum
capacity of 2 kN 1n a manner perpendicular to the length of
resonator. This configuration advantageously allows intro-
duction of stress in composite structure 102 without deform-
ing the resonator 200. The electromagnetic insulator 252
(c.g., the coaxial cable) carries microwave signal of —-10
dBm from Port 1 of the generator/analyzer 258 to the
magnetic coupling loop 254. The magnetic coupling loop
254 1s an antenna of 2 mm diameter soldered to the center
and outer conductor of the electromagnetic insulator 252.
The electromagnetic energy (shown as 256) 1s absorbed by
the hairpin resonator 200 through electromagnetic induction
between magnetic coupling loop 254 and the shorted end of
the resonator 200.

As the generator/analyzer 258 sweeps a range of frequen-
cies, the analyzer portion of the generator/analyzer 258
detects a signal S11 as shown 1n FIG. 4, which 1s a graph of
the response signal vs. frequency. When frequency of input
signal reaches resonance frequency, S11 trace shows a sharp
dip due to maximum power coupling between the hairpin
resonator 200 and the magnetic coupling loop 254. A quality
factor (QQ-factor, provided below) of resonance can be
defined as a ratio of resonance frequency to bandwidth (full
width at half maximum).

Jr (3)

 Afrwam

Q

The composite samples were prepared by dispersion of
Sr110; particles of size below 5 um (e.g., SIGMA ADL-

RICH). The dielectric particles were dispersed inside epoxy
resin by between about 0%, 10%, 15%, 20%, and 30%

volumetric ratio using a mixing method (e.g., Tip Sonica-
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tion) for 1 hour with a pulse after every 2 s. After sonication,
hardener was added to the mixture and composition was
poured 1nto a 3D printed mold to obtain composite sample
of a thickness of about 4 mm. The mold was placed inside
a vacuum chamber for about 15 mins to purge trapped air
bubbles. The composite structure was then cured under
vacuum heating for about 4 hrs. Thereafter, samples were
machined to the final dimension of about 10 mmxabout 10
mmxabout 4 mm for compression experiments as shown in
FIG. 5, which 1s a photograph of actual starting resin and the
composite block as described above.

To generate a model based on Lichtenecker’s mixing rule,
a block of composite material according to the present
disclosure was fabricated, as shown 1n FIG. 6. which 1s a
photograph of a composite material prepared for testing
according to the procedure discussed herein. As shown 1n
FIG. 6, about 75% of the hairpin resonator was embedded
inside the composite structure. Composite structures with

different volumetric fraction of SrT10; particles were exam-
ined to determine the dielectric constant using equation (2).

Resonance frequency of the hairpin resonator 1s inversely
proportional to the square root of the dielectric constant of
composite. The resonance frequency of the hairpin was
determined for air (1.e., no composite material), for the
epoxy (1.e., no Sr110,) and 10% by volume Sr110,. Refer-
ring to FIG. 7, the results of the resonance frequency for
these constructs are provided. Inspecting FIG. 7, 1t can be

seen that the resonance frequency in air, epoxy resin and
Sr110, composite are about 8.63 GHz, about 5.41 GHz and

about 3.99 GHz, respectively (Q-factor are 511, 170 and
228, respectively). The resonance frequency of the hairpin in
air (measured from FIG. 7) according to Eq (2) 1s

¢ (4)

Jo= 77

while 1n presence of composite the resonance frequency 1s

c (3)

fr=4L\{;

The resonance frequencies with and without the composite
material are related as

o ®

=5

and thus dielectric constant of the composite 1s determined
as follows:

(]

The dielectric constant for epoxy and SrTi10, composite
calculated from Eq. (7) are 2.54 and 4.68, respectively.
The temperature and pressure dependence of dielectric
constants of these composites according to the present
disclosure 1s advantageously used for wirelessly detecting
stress and temperature change in the composites by detect-
ing a change 1n dielectric permittivity of the Titanate par-
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ticles embedded 1n composites. An example of this depen-
dence 1s shown in FIG. 8, where a graph of eflective
permittivity vs. volume fraction of SrT10; particles 1s pro-
vided. The dielectric constant of a composite increases with
increasing quantity of particles having higher dielectric
constant. The experimental data i1s consistent with Lich-
tenecker mixing rule (see equation (1)).

The effect of SrT10, fillers on elastic modulus of epoxy
resin-based composites can also be established as the elastic
modulus of composite increases with increase 1n filler con-
centration, as shown in FIG. 9, where a graph of stress 1n
MPa 1s shown vs. strain. Refernng to FIG. 9, an increase 1n
clastic modulus from about 1.257xabout 0.025 GPa {for
epoxy alone to about 1.483xabout 0.023 GPa for 15 vol. %
of SrT10, fillers 1s observed at a strain rate of about
8.3x107%s. In addition to enhanced elastic modulus, SrTiO,
composite show change 1n dielectric constant with stress. As
shown 1 FIG. 9, the Sr110, composites exhibits 0.5%
decrease 1n resonance Irequency compared to 0.02%
decrease 1n epoxy resin, indicating increase in dielectric
constant of SrT10, composites under the application of
uniaxial stress of 40 MPa. It should be appreciated that the
dielectric constant of SrTi0O, composites shows different
behavior compared to bulk SrTi0; (not shown) where
dielectric permittivity decreases with the increase of stress.
This behavior in composite material indicates that change 1n
dielectric constant due to deformation of composite matrix
dominates the stress-induced change in dielectric behavior
of SrT10, particles. The compressive stress leads to increase
of dielectric constant of composite because of increase 1n
volumetric concentration of dielectric particles 1n the exam-
ined volume.

When a sensor with SrT10, particles embedded therein 1s
embedded 1n a structure, applied stress to the structure will
be transmitted to the sensor and will cause change of the
dielectric permittivity of the embedded microparticles.
Changes 1n dielectric constant can be measured and stress
magnitude can be determined based on prior calibration of
the system. The dielectric response from micron-sized sen-
sors inside composite material can be detected using the
resonant frequency technique discussed above. The sensi-
tivity 1s achieved due to the large absolute values of dielec-
tric permittivity of particles (g,,) compared to significantly
smal}er dielectric permittivity (g,) of the surrounding
matrix.

Those having ordinary skill in the art will recognize that
numerous modifications can be made to the specific imple-
mentations described above. The implementations should
not be limited to the particular limitations described. Other
implementations may be possible.

The 1nvention claimed 1s:

1. A method of determining stress within a composite
structure, comprising:

coupling a sensor to a composite structure made of a

non-electrically conducting material under load having
embedded therein a plurality of particles, wherein the
particles at room temperature are paraelectric or ferro-
electric;

transmitting an electromagnetic radiation to the sensor,

thereby generating an electromagnetic field into the
composite structure;

sweeping Irequency from a first frequency to a second

frequency 1n a pulsed manner;

receiving retlected power from the composite structure;

determining the resonance frequency of the sensor; and

translating the resonance frequency of the sensor to stress
within the composite structure
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wherein the sensor 1s a hairpin resonator having a length
[, and

wherein the translation of the resonance frequency to
stress within the composite 1s based on a predetermined
stress-resonance frequency relationship associated with
the composite material and the plurality of particles.

2. The method of claim 1, wherein the plurality of
particles include one of Strontium Titanate, Barium Titanate
and Lead Titanate, where Strontium Titanate 1s paraelectric
at room temperature, and Bartum Titanate and Lead Titanate
are Terroelectric at room temperature.

3. The method of claam 1, wherein the plurality of
paraelectric particles are at a concentration of between about
5% by volume to about 30%.

4. The method of claim 3, wherein the concentration by
volume 1s one or more of 5%, 10%, 15%, 20%, and 30%.

5. The method of claim 1, wherein the first frequency 1s
about 2 GHz, and the second frequency 1s about 6 GHz.

6. The method of claim 1, wherein the step of translating

resonance frequency of the sensor includes:

determining the eflective dielectric of the composite
structure, the eflective dielectric of the composite struc-
ture aflected by the dielectric of the plurality of par-
ticles which are aflected by forces due to stress applied
to the plurality of particles.

7. The method of claim 6, wherein the e
tivity 1s governed by:

‘ective permit-

% 1—v
Eeff = Sp &,

[

where ¢_.1s the eflective dielectric permittivity constant
of the composite structure with the plurality of particles
embedded therein,

e, 1s dielectric permittivity constant of the plurality of

particles,

e 1s dielectric permittivity constant of the composite

Trl

structure without the plurality of particles, and
v 1s volumetric fraction of the plurality of particles.

8. The method of claim 1, wherein the resonance fre-
quency of the sensor 1s governed by:

C

fr —
(4L Efﬁ )

Where, c¢ 15 speed of light, L 1s the length of the sensor,
and g g 1s the effective dielectric permittivity constant
of the composite structure with the plurality of particles
embedded therein.

9. The method of claim 1, wherein modulus of elasticity
of the composite structure increases by about 18% for about
15% by volume of the embedded plurality of particles.

10. The method of claim 1, wherein for Epoxy as the
composite material and strontium titanate as the material of
the plurality of particles, the predetermined stress-resonance
frequency relationship 1s a linear relationship.

11. The system of claim 1, wherein for Epoxy as the
composite material and strontium titanate as the material of
the plurality of particles, the predetermined stress-resonance
frequency relationship 1s a linear relationship.
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12. A system for predicting stress within a composite
structure, comprising:
an electromagnetic interrogation unit, icluding:

an electromagnetic transmitter, configured to provide
clectromagnetic radiation by sweeping Ifrequency
from a first frequency to a second frequency 1n a
pulsed manner;

a resonance sensor, configured to receive the transmit-
ted electromagnetic radiation and convey the
recerved electromagnetic radiation 1nto a composite
structure made of a non-electrically conducting
material under load, where the composite structure
having embedded therein a plurality of particles,
wherein the particles at room temperature are para-

electric or ferroelectric;
an electromagnetic analysis unit configured to 1) receive
reflected power from the composite, 1) determine the
resonance Ifrequency of the sensor, and 111) translate the
resonance Irequency of the sensor to stress within the
composite structure, wherein the sensor i1s a hairpin
resonator having a length L, and
wherein the translation of the resonance frequency to
stress within the composite 1s based on a predetermined
stress-resonance frequency relationship associated with
the composite material and the plurality of particles.

13. The system of claim 12, wherein the plurality of
particles include one of Strontium Titanate, Barium Titanate
and Lead Titanate, where Strontium Titanate 1s paraelectric
at room temperature, and Barium Titanate and Lead Titanate
are Terroelectric at room temperature.

14. The system of claim 12, wheremn the plurality of
paraelectric particles are at a concentration of between about
5% by volume to about 30%.

15. The system of claim 14, wherein the concentration by
volume 1s one or more of 5%, 10%, 15%, 20%, and 30%.

16. The system of claim 12, wherein the first frequency 1s
about 2 GHz, and the second frequency 1s about 6 GHz.
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17. The system of claim 12, wherein the electromagnetic
analysis unit determines the effective dielectric of the com-
posite structure to translate the resonance frequency of the
sensor 1o stress within the composite structure, the effective
dielectric of the composite structure affected by the dielec-
tric of the plurality of particles which are affected by forces
due to stress applied to the plurality of particles.

18. The system of claim 17, wherein the eflective per-
mittivity 1s governed by:

% 1—v
Eeff = Sp &,

"y

where ¢_.1s the eftective dielectric permittivity constant
of the composite structure with the plurality of particles
embedded therein,

e, 1s dielectric permittivity constant of the plurality of
particles,

e 15 dielectric permittivity constant of the composite
structure without the plurality of particles, and

v 1s volumetric fraction of the plurality of particles.

19. The system of claim 12, wheremn the resonance

frequency of the sensor 1s governed by:

C

(4L Efﬁ" )

fr=

Where, ¢ 1s speed of light, L 1s the length of the sensor,
and ¢ s 1s the eflective dielectric permittivity constant
of the composite structure with the plurality of particles
embedded therein.

20. The system of claim 12, wherein modulus of elasticity

of the composite structure increases by about 18% for about
15% by volume of the embedded plurality of particles.

G ex x = e
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